Introduction {#s1}
============

Blood pressure level is one of the most important target factors for preventing cardiovascular events in hypertensive patients. In recent years, reports have indicated the importance of pulse wave analysis, such as pulse wave velocity, cardio-ankle vascular index, and augmentation index. A number of studies have reported the clinical usefulness of these parameters as a marker of atherosclerosis in hypertensive patients \[[@R01]\]. Arterial velocity pulse index (AVI), a novel marker of atherosclerosis, uses oscillometric cuffs to evaluate pulse waveforms \[[@R04]\]. Increases in AVI reflect the enhancement of reflected waves resulting from atherosclerosis or other parameters. However, little is known about clinical significance of AVI because this parameter has only recently been explored and used in clinical settings.

Clinically, blood levels of high-sensitivity cardiac troponin T (hs-cTnT) represent a useful biomarker for evaluating the pathogenesis of heart failure and subclinical myocardial injury or predicting cardiovascular events \[[@R05]\]. Some clinical studies have reported that hs-cTnT elevation in hypertensive patients predicts incidents such as heart failure hospitalization, cardiac remodeling, and worsening of albuminuria \[[@R09]\]. Thus, from the perspective of primary prevention of cardiovascular events, hs-cTnT levels are an important factor in hypertensive patients.

To the best of our knowledge, there are no reports regarding the relationship between AVI and hs-cTnT. Therefore, this study attempts to clarify impact of hs-cTnT on AVI in hypertensive patients from the perspective of primary prevention of cardiovascular events. The authors also examine background factors in AVI.

Materials and Methods {#s2}
=====================

Patients {#s2a}
--------

Patients included in this study were enrolled between March 2014 and February 2016. The study population comprised 455 outpatients undergoing anti-hypertensive treatment. No patients in this study had a history of cardiovascular events such as ischemic heart disease, stroke, perivascular disease, persistent atrial fibrillation, or heart failure. There were 181 (39.7%) males and 274 (60.3%) females in this study, with a mean age of 65 ± 11 years (mean ± standard deviation). All participants provided informed consent, and the study protocol was approved by the Local Ethics Committee.

Measurement of AVI {#s2b}
------------------

AVI was measured using a commercial instrument (PASSESA AVI-1500; Shisei Datum, Tokyo, Japan), as previously described \[[@R04]\]. Measurements were taken in a quiet room with the temperature maintained at 20 - 25 °C. Treatment with antihypertensive drugs was stopped 24 h or more before measurements. The measurement theory of AVI is shown in [Figure 1](#F1){ref-type="fig"}. AVI has the characteristics of a pulse wave pattern at higher cuff pressures compared with systolic blood pressure. Two variables were automatically measured: Vf and Vr. Consequently, AVI is automatically calculated as 20 × (Vr/Vf), wherein Vf is the first peak of the differentiated waveform between pulse wave and time and Vr is the absolute value of the bottom of the valley of differentiated waveforms between pulse wave and time. The systolic latter waveform rapidly increases and decreases in response to the reflected wave. However, the initial waveform is not influenced by the reflected wave. Vf reflects the initial waveform, and Vr reflects the decreased waveform. Therefore, as waves reflections increase, AVI increases in parallel with the increase in Vr unlike the normal pulse wave pattern. The validity and reliability of AVI measured using this method has been confirmed by previous reports \[[@R12]\].

![The measurement theory of AVI. (a) indicates normal pattern pulse wave pattern, and (b) indicates abnormal pulse wave pattern by increase of arterial reflection wave. AVI is automatically calculated as 20 × (Vr /Vf), wherein Vf is the first peak of the differentiated waveform between pulse wave and time and Vr is the absolute value of the bottom of the valley of differentiated waveforms between pulse wave and time. The systolic latter waveform rapidly increases and decreases in response to the reflected wave. However, the initial waveform is not influenced by the reflected wave. Vf reflects the initial waveform, and Vr reflects the decreased waveform. Therefore, as waves reflections increase, AVI increases in parallel with the increase in Vr unlike the normal pulse wave pattern. hs-cTnT: high-sensitivity cardiac troponin T; BP: blood pressure; FBG: fasting blood glucose; IRI: immunoreactive insulin; HOMA-IR: homeostatic model assessment of insulin resistance; LDL: low-density lipoprotein; HDL: high-density lipoprotein; eGFR: estimated glomerular filtration rate; BNP: brain natriuretic peptide; hs-CRP: high-sensitivity C-reactive protein; d-ROMs: derivatives of reactive oxygen metabolites; AVI: arterial velocity pulse index; CCB: calcium channel blocker; RAS: renin-angiotensin system.](cr-08-036-g001){#F1}

Estimation of cardiovascular risk factors {#s2c}
-----------------------------------------

Various clinical parameters, such as classic cardiovascular risk factors, left ventricular hypertrophy (LVH), insulin resistance, kidney function, brain natriuretic peptide (BNP) levels, inflammation, oxidative stress, and hs-cTnT levels, were evaluated. The degree of obesity was estimated using body mass index, which was calculated as weight (kg) divided by height (m^2^). Patients were considered positive for smoking if they habitually smoked cigarettes at the start of this study. Dyslipidemia was defined as a low-density lipoprotein cholesterol level greater than or equal to 140 mg/dL, a high-density lipoprotein cholesterol level less than or equal to 40 mg/dL, a triglyceride level greater than or equal to 150 mg/dL, or based on an ongoing treatment for dyslipidemia. Diabetes mellitus was defined as a fasting blood glucose level greater than or equal to 126 mg/dL or based on an ongoing treatment for diabetes. The severity of LVH was evaluated by Cornell (R wave in aVL + S wave in V3) electrocardiographic voltage calculations \[[@R13]\].

Blood samples were collected from the antecubital vein in the morning after 12 h of fasting. Total cholesterol and triglyceride levels were measured using standard enzymatic methods. Serum high-density lipoprotein cholesterol levels were measured by selective inhibition. Serum low-density lipoprotein cholesterol levels were calculated using the Friedewald equation \[[@R14]\]. Glucose and insulin levels were measured using the glucose oxidase method and an enzyme immunoassay, respectively. To measure insulin resistance, homeostatic model assessment of insulin resistance (HOMA-IR) was calculated as follows \[[@R15]\]: HOMA-IR = fasting glucose concentration (mg/dL) × fasting insulin concentration (µg/mL)/405. The estimated glomerular filtration rate (eGFR) was calculated using the adjusted Modification of Diet in Renal Disease Study equation, which was proposed by the Working Group of the Japanese Chronic Kidney Disease Initiative \[[@R16]\], and urinary albumin concentration was measured using a commercial kit (Siemens/Bayer DCA 2000+ Analyzer; Siemens Healthineers, Tokyo, Japan). Blood levels of BNP were measured using a commercial kit (SHIONOSPOT Reader; Shionogi & Co., Ltd, Osaka, Japan). High-sensitivity C-reactive protein (hs-CRP) levels were measured using high-sensitivity, latex-enhanced immunonephelometry. The reactive oxygen metabolites (d-ROMs) test, which reflects blood hydroperoxide concentrations, was performed using a commercial kit (Diacron; Grosseto, Italy) \[[@R17]\]. Hs-cTnT levels were also measured using a commercial kit (Roche Diagnostics, Switzerland) \[[@R18]\]. For the hs-cTnT assay, the lower limit of detection was 0.003 ng/mL.

Statistical analysis {#s2d}
--------------------

A commercially available statistical software program (Stat View-J 5.0; HULINKS Inc., Tokyo, Japan) was used for all statistical analyses. Data are expressed as the mean ± standard deviation. Between-group comparisons were performed using the Student's t-test or Mann-Whitney U test, and the correlation coefficient was estimated using the Spearman rank-order correlation analysis. To clarify which independent factors contributed to increased hs-cTnT levels or AVI, multiple regression analysis was performed using hs-cTnT or AVI as a subordinate factor. A P value of less than 0.05 was considered statistically significant.

Results {#s3}
=======

Distribution of AVI ([Fig. 2](#F2){ref-type="fig"}) ranged from 11 to 49, the median value was 28, and the distribution AVI was nearly normal. Patient characteristics are presented in [Table 1](#T1){ref-type="table"}. Hs-cTnT was detected in 405 (89.0%) patients. Age, body weight, body mass index, Cornell electrocardiographic voltage, urinary albumin excretion BNP levels, and d-ROMs test were significantly higher and eGFR was significantly lower in patients with detectable hs-cTnT. AVI was significantly higher in patients with detectable hs-cTnT than in those with undetectable hs-cTnT. [Table 2](#T2){ref-type="table"} shows correlations between hs-cTnT levels, AVI, and various clinical parameters in the cohort with detectable hs-cTnT. Age, body mass index, Cornell electrocardiographic voltage, eGFR, urinary albumin excretion, BNP levels, hs-CRP levels, d-ROMs test, and AVI were all significantly correlated with hs-cTnT levels. Sex differences, age, height, body weight, systolic blood pressure, pulse rate, Cornell electrocardiographic voltage, eGFR, urinary albumin excretion, BNP levels, hs-CRP levels, d-ROMs test, and hs-cTnT were significantly correlated with AVI.

![Histogram of AVI values. AVI ranged from 11 to 49, and the median value was 28. The distribution AVI was nearly normal. hs-cTnT: high-sensitivity cardiac troponin T; BP: blood pressure; FBG: fasting blood glucose; IRI: immunoreactive insulin; HOMA-IR: homeostatic model assessment of insulin resistance; LDL: low-density lipoprotein; HDL: high-density lipoprotein; eGFR: estimated glomerular filtration rate; BNP: brain natriuretic peptide; hs-CRP: high-sensitivity C-reactive protein; d-ROMs: derivatives of reactive oxygen metabolites; AVI: arterial velocity pulse index; CCB: calcium channel blocker; RAS: renin-angiotensin system.](cr-08-036-g002){#F2}

###### Patient Characteristics

                                 Overall         hs-cTnT non-detection   hs-cTnT detection   P value
  ------------------------------ --------------- ----------------------- ------------------- ----------
  n (male/female)                455 (181/274)   50 (20/30)              405 (161/244)       0.973
  Age (years)                    65 ± 11         61 ± 11                 66 ± 11             \< 0.01
  Height (m)                     1.6 ± 0.1       1.6 ± 0.1               1.6 ± 0.1           0.873
  Body weight (kg)               57 ± 10         54 ± 11                 58 ± 11             \< 0.05
  Body mass index (kg/m^2^)      22 ± 4          21 ± 3                  23 ± 4              \< 0.05
  Smoking, n (%)                 109 (24)        13 (26)                 96 (24)             0.720
  Systolic BP (mm Hg)            157 ± 8         157 ± 10                157 ± 8             0.953
  Diastolic BP (mm Hg)           91 ± 9          91 ± 9                  91 ± 10             0.572
  Pulse rate (mm Hg)             68 ± 11         70 ± 11                 68 ± 10             0.129
  Cornell voltage (mm)           15 ± 6          12 ± 7                  15 ± 5              \< 0.001
  Diabetes mellitus (%)          189 (42)        20 (40)                 169 (42)            0.816
  FBG (mg/dL)                    113 ± 24        112 ± 20                113 ± 24            0.819
  IRI (μg/mL)                    7.3 ± 4.4       7.5 ± 4.8               7.3 ± 4.4           0.626
  HOMA-IR                        2.1 ± 1.4       2.1 ± 1.3               2.1 ± 1.4           0.864
  Dyslipidemia (%)               346 (76)        29 (54)                 317 (64)            0.172
  Total cholesterol (mg/dL)      221 ± 42        219 ± 42                221 ± 41            0.541
  LDL cholesterol (mg/dL)        137 ± 37        136 ± 40                137 ± 38            0.658
  Triglyceride (mg/dL)           177 ± 72        170 ± 83                179 ± 69            0.279
  HDL cholesterol (mg/dL)        49 ± 16         49 ± 14                 48 ± 16             0.62
  eGFR (mL/min/1.73 m^2^)        64 ± 21         69 ± 21                 63 ± 18             \< 0.05
  Log-urinary albumin (mg/gCr)   1.5 ± 0.5       1.3±0.5                 1.6 ± 0.5           \< 0.01
  Log-BNP (pg/mL)                86 ± 67         57±55                   89 ± 67             \< 0.01
  Log-hs-CRP (mg/L)              -1.2 ± 0.6      -1.2±0.6                -1.2 ± 0.6          0.331
  d-ROMs test (U. Carr)          355 ± 93        330±97                  359 ± 92            \< 0.01
  AVI                            28 ± 7          24±8                    28 ± 7              \< 0.001
  Log-hs-cTnT (ng/mL)            -1.9 ± 0.2      \-                      -1.9 ± 0.2          \-
  Medication                                                                                 
  CCB, n (%)                     332 (73)        36 (72)                 296 (73)            0.652
  RAS inhibitor, n (%)           223 (49)        25 (50)                 198 (49)            0.753
  Statin, n (%)                  155 (34)        17 (34)                 138 (34)            0.889

Data are expressed as mean ± SD. hs-cTnT: high-sensitivity cardiac troponin T; BP: blood pressure; FBG: fasting blood glucose; IRI: immunoreactive insulin; HOMA-IR: homeostatic model assessment of insulin resistance; LDL: low-density lipoprotein; HDL: high-density lipoprotein; eGFR: estimated glomerular filtration rate; BNP: brain natriuretic peptide; hs-CRP: high-sensitivity C-reactive protein; d-ROMs: derivatives of reactive oxygen metabolites; AVI: arterial velocity pulse index; CCB: calcium channel blocker; RAS: renin-angiotensin system.

###### Correlation Between hs-cTnT, AVI and Clinical Parameters in hs-cTnT Detectable Patients

                                        r            
  ------------------------------------- ------------ -------------
  Sex (female = 0, male = 1)            -0.06        -0.13\*\*
  Age                                   0.40\*       0.36\*
  Height                                0.06         -0.32\*
  Body weight                           0.09         -0.18\*
  Body mass index                       0.10\*\*\*   -0.08
  Smoking (no = 0, yes = 1)             0.02         0.09
  Systolic BP                           0.08         0.12\*\*
  Diastolic BP                          0.05         0.08
  Pulse rate                            0.04         0.26\*
  Cornell voltage                       0.21\*       0.35\*
  Diabetes mellitus (no = 0, yes = 1)   0.07         0.08
  FBG                                   0.03         0.09
  IRI                                   0.04         0.07
  Log-HOMA-IR                           0.06         0.06
  Dyslipidemia (no = 0, yes = 1)        -0.03        -0.01
  Total cholesterol                     -0.06        0.05
  LDL cholesterol                       -0.05        0.04
  Triglyceride                          -0.03        0.06
  HDL cholesterol                       -0.06        -0.04
  eGFR                                  -0.13\*\*    -0.10\*\*\*
  Log-urinary albumin                   0.20\*       0.29\*
  Log-BNP                               0.25\*       0.35\*\*\*
  Log-hs-CRP                            0.10\*\*\*   0.11\*\*\*
  d-ROMs test                           0.35\*       0.37\*
  AVI                                   0.42\*       \-
  Log-hs-cTnT                           \-           0.42\*
  CCB (no = 0, yes = 1)                 -0.06        -0.05
  RAS inhibitor (no = 0, yes = 1)       -0.06        -0.05
  Statin (no = 0, yes = 1)              -0.03        -0.02

r is correlation coefficient. \*P \< 0.001, \*\*P \< 0.01, \*\*\*P \< 0.05. hs-cTnT: high-sensitivity cardiac troponin T; BP: blood pressure; FBG: fasting blood glucose; IRI: immunoreactive insulin; HOMA-IR: homeostatic model assessment of insulin resistance; LDL: low-density lipoprotein; HDL: high-density lipoprotein; eGFR: estimated glomerular filtration rate; BNP: brain natriuretic peptide; hs-CRP: high-sensitivity C-reactive protein; d-ROMs: derivatives of reactive oxygen metabolites; AVI: arterial velocity pulse index; CCB: calcium channel blocker; RAS: renin-angiotensin system.

Multiple regression analyses for hs-cTnT or AVI as a subordinate factor were performed with explanatory variables that were significant during univariate analysis. AVI, age, BNP levels, urinary albumin excretion, d-ROMs test, and Cornell electrocardiographic voltage were independent variables for hs-cTnT. Hs-cTnT, age, Cornell electrocardiographic voltage, height, urinary albumin excretion, pulse rate, and d-ROMs test were independent variables for AVI ([Table 3](#T3){ref-type="table"}).

###### Multiple Regression Analysis

  Dependent variable      β       t value   P value
  ----------------------- ------- --------- ----------
  \(A\) AVI               0.35    6.6       \< 0.001
    Age                   0.33    6.0       \< 0.001
    BNP                   0.14    3.0       \< 0.01
    Log-urinary albumin   0.12    2.5       \< 0.01
    d-ROMs test           0.11    2.3       \< 0.01
    Cornell voltage       0.10    2.1       \< 0.05
    eGFR                  -0.07   -1.5      0.152
    Log-hs-CRP            0.06    1.4       0.148
    Body mass index       0.02    0.3       0.730
  \(B\) Log-hs-cTnT       0.27    6.3       \< 0.001
    Age                   0.25    6.0       \< 0.001
    Cornell voltage       0.23    5.6       \< 0.001
    Height                -0.22   -3.6      \< 0.001
    Log-urinary albumin   0.12    2.9       \< 0.01
    Pulse rate            -0.11   -2.8      \< 0.01
    d-ROMs test           0.11    2.7       \< 0.01
    BNP                   0.09    1.9       0.063
    Sex                   0.09    1.8       0.132
    Systolic BP           0.06    1.5       0.168
    Log-hs-CRP            0.06    1.4       0.173
    eGFR                  -0.04   -1.2      0.289
    Body weight           -0.09   -1.9      0.058

\(A\) Subordinate factor is log-hs-cTnT. R^2^ = 0.23, F = 12.5, P \< 0.001. (B) Subordinate factor is AVI. R^2^ = 0.43, F = 22.7, P \< 0.001. hs-cTnT: high-sensitivity cardiac troponin T; BP: blood pressure; FBG: fasting blood glucose; IRI: immunoreactive insulin; HOMA-IR: homeostatic model assessment of insulin resistance; LDL: low-density lipoprotein; HDL: high-density lipoprotein; eGFR: estimated glomerular filtration rate; BNP: brain natriuretic peptide; hs-CRP: high-sensitivity C-reactive protein; d-ROMs: derivatives of reactive oxygen metabolites; AVI: arterial velocity pulse index; CCB: calcium channel blocker; RAS: renin-angiotensin system.

Discussion {#s4}
==========

Arterial wave reflection is affected by aging, sex differences, height, and pulse rate \[[@R19]\]. The results of this study also indicated that these parameters were significantly associated with AVI. Furthermore, age, height, and pulse rate were independent variables for AVI. Thus, AVI also reflects features of arterial wave reflection. The significant relationship between AVI and hs-cTnT, as determined by multivariate analysis, indicates that arterial wave reflection is an important factor for the progression of subclinical myocardial damage in hypertensive patients. The augmentation index is also a useful marker of arterial wave reflection, and an augmentation index for the radial or carotid artery can be non-invasively measured by tonometry. Augmentation indices from tonometry are important markers of arterial wave reflection or cardiovascular risk factors \[[@R02], [@R22]\]. However, for the precise measurement of an arterial augmentation index, expertize is required. Conversely, AVI can be automatically calculated using conventional blood pressure measurements. Thus, AVI measurements have procedural advantages over augmentation index measurements. Sasaki-Nakashima et al reported that AVI had a significant relationship with the radial augmentation index \[[@R12]\]. However, the correlation coefficient for an association between AVI and augmentation index is weak (r = 0.207). Therefore, AVI differs from the augmentation index, although both parameters reflect the arterial wave reflection. Further studies are required for the use of AVI as a significance measure of arterial wave reflection compared with the augmentation index.

Pulse wave velocity increases relative to increases in arterial wall stiffness, and some clinical studies have indicated a significant relationship between pulse wave velocity and subclinical myocardial damage using troponin or serum heart-type fatty acid-binding proteins \[[@R23]\]. Furthermore, arterial wall stiffness is an important factor for increasing the arterial wave reflection. Okamoto et al reported that AVI had a significant relationship with the cardio-ankle vascular index, which is a method for evaluating of pulse wave velocity \[[@R26]\]. Several studies have indicated that left ventricular dysfunction is significantly associated with myocardial damage \[[@R27], [@R28]\]; furthermore, increases in aortic artery stiffness cause left ventricular dysfunction \[[@R29]\]. Therefore, we hypothesize that the relationship between hs-cTnT and AVI identified in this study reflects myocardial damage via left ventricular dysfunction resulting from an increase in vascular resistance or afterload.

Oxidative stress is closely associated with heart failure progression or vascular events. Several pathways in which oxidative stress leads to myocardial injury have been identified, including dysfunction of the mitochondrial electron transport complex, nicotinamide adenine dinucleotide phosphate oxidase activity, and myocardial cell apoptosis \[[@R30], [@R31]\]. This study revealed the importance of oxidative stress in myocardial injury due to hypertension and during the subclinical stages of heart failure. In addition, clinical studies have shown a significant association between arterial wave reflection and oxidative stress \[[@R32], [@R33]\]. In this study, multivariate analysis revealed a significant correlation between the d-ROMs test as a marker of oxidative stress *in vivo* and AVI or hs-cTnT, suggesting that oxidative stress affects both myocardial injury and arterial wave reflection in hypertensive patients, further causing cardiovascular events. Therefore, anti-oxidant treatment may be an important therapy for the prevention of cardiovascular events by protecting both cardiomyocyte cells and arterial vessel walls.

In this study, urinary albumin concentration was independently associated with both hs-cTnT and AVI. The urinary albumin concentration reflects glomerular hypertension and systemic endothelial function \[[@R34]\]. Endothelial dysfunction is the first step in the progression to atherosclerosis and an important factor for the elevation of troponin T \[[@R35], [@R36]\]. The relationship between arterial wave reflection and endothelial function is controversial. Researchers have reported a significant relationship between the augmentation index and endothelial function, which was estimated by flow-mediated vasodilation in the brachial artery or albuminuria \[[@R32], [@R37]\]. Conversely, Sasaki-Nakashima et al reported that AVI had no significant relationship with flow-mediated vasodilation in the brachial artery \[[@R12]\]. Differences between this study and Sasaki-Nakashima's reports concerning relationship between AVI and endothelial function may be due to differences in the methods of evaluating the endothelial function or sample size. However, the results of this study indicate that AVI may reflect systemic endothelial function. Thus, increases in AVI as a causative factor for elevation of hs-cTnT in hypertensive patients may be partially explained by endothelial dysfunction.

Researchers have also reported that LVH is significantly associated with hs-cTnT levels in hypertensive patients \[[@R06], [@R38]\]. The results of this study are consistent with previous reports. LVH was also selected as an independent variable for AVI. However, Hashimoto et al reported that augmentation index at the radial artery had a significant relationship with LVH, as assessed using ultrasound in hypertensive patients \[[@R39]\]. LVH is an important factor for the prognosis of these patients. Therefore, it may be possible to inhibit the progression of LVH in them by adequate control of blood pressure levels with a lower AVI value, which would consequently improve their prognosis.

Limitations {#s4a}
-----------

This study has several limitations. First, treatment with antihypertensive drugs was stopped 24 h or more before measurement to avoid influencing AVI. However, 24 h was not sufficient to mitigate the effects of long-acting drugs such as amlodipine. Second, ultrasonic echocardiography, coronary angiography, and multidetector computed tomography angiography were not performed. Therefore, cardiovascular diseases such as heart failure or coronary artery disease may have gone undetected. Third, medical treatments using anti-oxidant drugs such as calcium channel blockers, renin-angiotensin receptor inhibitors, or statins may have influenced the study results. However, the study results indicate that the effect of these drugs is insignificant. Finally, this study was cross-sectional in a single unit and the sample size was relatively small. Additional prospective studies, including evaluations of interventional therapies, are required to clarify the clinical significance of AVI as a risk factor for cardiovascular disease in hypertensive patients.

Conclusions {#s4b}
-----------

This study evaluated the impact of AVI as novel marker of atherosclerosis using pulse wave analysis on hs-cTnT in hypertensive patients. The results of this study indicated that AVI reflects features of arterial wave reflection and is an important factor for hs-cTnT elevation in these patients.
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